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Voronoi–Delaunay methodNanosized palladium layers on silicon (100) substrates were obtained employing MOCVDmethod under VUV
and thermal stimulations in hydrogen medium, with the use of Pd(hfaс)2 as a precursor. The deposition tem-
perature under thermal stimulation amounted to 230 °C, whereas with the VUV (145 nm) stimulation this
value was equal to 100 °C, within the time interval ranging from 1 to 30 min. With the use of monochromatic
null ellipsometry and scanning electron microscopy techniques, initial stages of palladium nanolayer growth
were studied. It has been established that the growth of Pd ﬁlms exhibits a pronounced cyclical character. The
analysis of electron microscopy images of growing ﬁlm surfaces was based on the Voronoi–Delaunay method
with the introduction of parameters such as peak, valley and minimum spanning tree (MST). It was demon-
strated that the parameters used directly reﬂect the process of ﬁlm growth, whereby two stages of the pro-
cess have been distinguished.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license.1. Introduction
The processes of chemical vapor depositionwith the use of volatile or-
ganometallic precursors (MOCVD), and different ways to activate them,
to the greatest extent allows one to accomplish the task concerning the
deposition of metal nanolayers at the lowest possible temperatures onto
polymeric coatings on solid substrates (e.g., a photoresist exhibiting low
softening and decomposition temperature), as well as structures with
complicated micro- and nano-relief (metamaterials) [1].
Although palladium is widely used in microelectronics, printed cir-
cuit board manufacture, catalysis, etc., the number of papers devoted to
the processes of the CVD deposition of nanoparticles and nanolayers is
relatively small [2]. Several types of precursorswere employed in several
studies. For example, the authors of [3] obtained palladiummetal layers
from Pd(allyl)2, Pd(CH3allyl)2, and (C5H5)Pd(allyl) within a closed vol-
ume. Compound Pd(thd)2 was used in the course of the modiﬁcation
atomic layer epitaxy (ALE) in order to obtain palladium nanoparticles
on different catalytic carriers [4–6]. The authors of [4] proposed a new
variant of ALD for depositing palladium onto silica layers functionalized
by therasulphide. As a precursor, Pd(hfaс)2 was used.
Different light sources were used to lower the temperature of pal-
ladium deposition as well as for a pattern formation (direct wright)..V. Open access under CC BY-NC-SA The authors of [7] studied photolytic palladium deposition via (C5H5)
Pd(allyl) irradiation with 254 nm photons from a mercury lamp at
1.5 mW/cm2. Laser-assisted palladium CVD processes were investigated
in [8]. As a source of coherent radiation the authors used a nitrogen laser
with 337 nm photons for (C5H5)Pd(allyl), and argon ion laser with
351 nm photons for Pd(hfaс)2. In our patent [9], an excimer lamp
(145 nm)was used for the formation of palladium nuclei layers for met-
allizing printed circuit boards. As a precursor, the authors used Pd(hfaс)2,
too.
The kinetics of palladium layer deposition is described in [10,11].
The deposition rate of palladium with the use of thermally activated
MOCVD was investigated and discussed for different Pd(hfaс)2 con-
centrations, deposition temperature and pressure values, as well as
deposition time [11]. The authors of the same papers [10,11] demon-
strated that the surface of a growing ﬁlm exhibit a globular nature,
however, no quantitative analysis of the morphology inherent in the
growing ﬁlm was performed.
The morphology and structure of solid palladium layers grown by
MOCVD is little-studied. All the above mentioned investigations were
focused on studying the impurity composition of palladium ﬁlms,
depending on the composition of a precursor.
Themorphology of nanosized metal layers is investigatedmainly by
the methods of SEM [12] and AFM [13] that result in obtaining 2D
images. The AFM method allows one to obtain 3D images by means of
using a software treatment. To obtain such images for the SEMmethod,
special software products are used (e.g., ImageJ) based on contrasting in
order to obtain third coordinate, howeverwith no absolute values of the
height. These software products allow one to determine the number of
globules per unit area and the size distribution [13]. Such a method forlicense.
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standing the role and dynamics of the growth of globules as well as of
ﬁlling the valleys between the latter.
In our previous paper we presented the results studying the deposi-
tion of palladium layers onto different substrates VUV stimulation with
low-power DC excimer lamps (116 nm wavelength for Kr, 126 nm
wavelength for Ar), depending on the duration of the experiment [10].
The present work was aimed at studying the initial growth stages
as well as at the comparison of VUV and thermally stimulatedMOCVD
processes for nanosized palladium layers. The objectives of the study
also included a mathematical treatment of the SEM images and
searching for parameters that provide quantitatively describing the
surface morphology by the example of the mentioned layers. As
main methods for the investigation, we used the methods of mono-
chromatic null ellipsometry, and scanning electron microscopy.
2. Experimental details
2.1. MOCVD experiments
In this paper we studied the initial growth stages of nanosized pal-
ladium layers obtained using VUV and thermally stimulated MOCVD.
The experiments on the deposition of palladium on silicon substrates
were performed employing a chemical vapor deposition apparatus, in
an atmosphere of H2 [10]. As a precursor, we used bis-palladium
hexaﬂuoroacetylacetonate (Pd(hfaс)2). Operating pressure in the
cold-wall CVD reactor ranged within 2–4 Torr. Substrates represented
polished siliconwaferswith (100) orientation,whose surfacewas treat-
ed a standard manner (etching by HF vapor, washing with acetone,
isopropyl alcohol and deionized water followed by drying). The exper-
iments concerning the deposition of nanosized Pd layerswith VUV acti-
vation of the gas phase were performed within the temperature range
from 60 to 150 °C with varying the deposition time from 1 to 30 min.
For comparison, we deposited layers under thermal stimulation within
the temperature range of 210 – 270 °C. The evaporation temperature
for the precursor in both cases varied within the range of 40–65 °C.
Altogether, 80 experiments were performed. The analysis of the data
obtained allowed us to choose the parameters of MOCVD processes
for the deposition of palladium layers for the further morphological
analysis. There were two series of experiments performed (18 samples
in total) at the same precursor evaporation temperature amounting to
54 ± 1 °C and at the two substrate temperature values: at 100 °C in
the case of VUV stimulation and at 230 °C in the case of thermal stimu-
lation within the range of time from 1 to 30 min.
The process proceeded under the above mentioned conditions dur-
ing the indicated time. After this the boat with the precursor was me-
chanically drawn out of the heating zone to a cold dead end, where
there is no ﬂow of Ar transport gas. Thus, the process of the precursor
decomposition on the substrate was rather abruptly (during 3–5 s.)
stopped and the sample was taken out of the reactor. With the follow-
ing sample, the process was carried out during another time under
the same conditions. As a VUV source, we used an excimer Kr lamp
with the radiationwavelength of 145 nm. The ﬁlm obtainedwasmicro-
scopically dense; the XRD analysis of the samples demonstrated poly-
crystalline structure with the texture in the direction of ‹111› (the
database ICDD Pd No 46-1043). The amount of C and O impurities (ac-
cording to ESCA data) does not result in a short-range order distortion
[10].
2.2. Ellipsometry
We measured the thickness of metal ﬁlms and their optical con-
stants. The parameters of the polarization for light reﬂected from the
sample were determined basing on the extinction angles of the
polarizer and the analyzer of LEF-3M ellipsometer with the following
optical system: a light source (single-mode helium-neon laserLGN-208B, λ = 632.8 nm), polarizer, compensator, sample, analyzer
and light detector. The correspondence between the azimuthal scale
readings of the polarizer, compensator and analyzer and the positions
of their optical axes in the plane of incidence and the plane of the sam-
ple was measured with the use of isotropic samples. To calculate the
thickness of the multilayer ﬁlms we used model, which includes a
layer of palladium and a transition layer comprising natural silicon ox-
ides, palladium oxide and palladium silicide. According to a model cal-
culation results the transition layer thickness in all cases did not
exceed 3 nm.
2.3. Scanning electron microscopy
The electron micrographic images of the ﬁlms for each moment
were obtained with the use of JEOL JSM-6700F scanning electron
microscope (SEM). A method for the processing of the micrographic
images has been developed which allows one to compare images
for the ﬁlms obtained in different experiments. With this purpose,
all the pictures with an area of 600 × 450 nm2 (Fig. 1a) obtained at
the same magniﬁcation, were presented in the form of a matrix of
200 × 300 pixels. For each pixel we determined the gray level
which was attributed to a certain value in accordance with a standard
scale of gray shades in MATLAB.
A the next step, for each tone image the value of contrast level n
was determined, which level is speciﬁed by the natural numbers
ranging from 1 to N. Next, for each contrast level we determined
the range of gray level values (pixels) in the standard scale. If the
value of the gray level of a chosen pixel is below a deﬁned limit it is
assigned with the value equal to 1 (black), and if the level is above
the limit it is bound with 0 (white). This procedure was performed
for each pixel of the image for all the n contrast levels. After this pro-
cedure, each tone image represented a set of n two-colored contrast
images. These photographs were processed programmatically to
select compact monochrome formations, joined by a common bound-
ary, spots or shades. For example, for n = 4, the initial tone micro-
graph (Fig. 1a) can be presented by a series of images at a preset
level of contrast (Fig. 1b). In our experiments, the number of contrast
levels N was speciﬁed within the range from 40 to 120.
For the initial set of micrographs, it was determined that it is appro-
priate to restrict the number of contrast levels which does not exceed
80, since at the mentioned value the transition from one image to an-
other resulted in less than 3% changing the number of shades. This
allowed us to identify reliably the same shades in different images.
Next, we constructed a histogram of white shades (m) depending
on the contrast level (n) for an initial tone photomicrography. For
each histogram, we determined the median, whichmedian is a partic-
ular (for the given tone image) optimal level of contrast.
For the general optimal level of contrast we took such a particular
optimal level that corresponds to a minimum of differences in the
number of shades, between the initial and ﬁnal images. This enabled
us to maintain the same level of contrast in the course during ﬁlm
growth. In this case, every moment of the ﬁlm growth is exhibited
by a contrast image, whereas the whole process of ﬁlm growth can
be described by a set of contrast images. Since each image with the
optimal level of contrast represents a set of shades, the process of
ﬁlm growth could be described by changing the number of shades
in the course of ﬁlm growth.
Shades are irregular in shape. In order to quantitatively describe the
dynamics of shades they were approximated by polygons with 24
angles, which allow one to describe the basic simple geometric shapes
that appear in the contrast images. No proximity with respect to regu-
larly shaped geometric ﬁgureswas revealed on the surface of palladium
ﬁlms; however other ﬁlms, for example, gold ones exhibited some geo-
metrical ﬁgures, up to octahedron [14].
After the approximation, we calculated a center for each polygon.
The set of irregular points obtained (the centers of polygons) was
Fig. 1. The surface of the Pd ﬁlm on Si (100) after 15 min of growth under VUV stimu-
lation, the substrate temperature being of ~100 °C: a — initial image; b — four levels of
image contrast.
Fig. 2. Triangulation grid for the ﬁlm surface at a chosen level of image contrast: a —
according to Delaunay; b — Voronoi diagram superimposed on the part of the image
in Fig. 1a.
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triangulation network was formed (Fig. 2a) [15].
Voronoi diagram is dual with respect to each Delaunay network
[16]. Each line in this diagram is perpendicular to the segmentconnecting the centers of shades in the Delaunay network and passes
through the middle of this segment (Fig. 2b).
The dynamics of ﬁlm growth (including the dynamics of changing
the number of shades) can be described now by changing the Voronoi
diagrams in the course of ﬁlm growth. These changes are character-
ized by two parameters. They are the number of vertices (centers of
polygons) and the total length of lines (valley) in the Voronoi dia-
gram. As an indicator of the total length of lines, researchers use a cat-
egory of so-called minimal spanning tree (MST), whose total length of
graph ribs is minimal. It is deﬁned as an undirected graph without
cycles that contains all the nodes of the network (graph junctions)
[17,18].3. Results and discussion
A typical example of palladium surface layer images after 15 min
of growth is presented in Fig. 1, demonstrates that the layer exhibits
a globular structure. The size and shape of globules are varying with
the duration of the deposition process.
Using the method of monochromatic null ellipsometry, we mea-
sured the thickness of Pd layers. The thickness values determined
for the ﬁlms of palladium depending on the duration time of the pro-
cess in the case of VUV and thermal stimulations are presented in
Fig. 3. This curves exhibit a wave-like character, which indirectly indi-
cates the ﬁlm growth process to be cyclical.
The idea concerning the triangulation of vertices on the ﬁlm sur-
face was put forward some time ago [19,20], but it was not developed
for the studies of polycrystalline thin ﬁlms. To use Voronoi diagrams
Fig. 4. The number of peaks depending on the growth time of Pd layer: 1 —
VUV-stimulation, 2 — heat stimulation.
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ular application was realized for this idea, too.
With the use of the image processing technique described above
we have directly calculated the number of vertices (peaks) and the
length of valleys between them for all time points. As one could see
from the dependence of the number of vertices on the time of layer
growth (Fig. 4), and the growth of Pd ﬁlm exhibits a pronounced os-
cillatory character: the number of peaks varies periodically, which
could correspond to changing the lateral growth mechanism by the
vertical one. It should be noted that this effect is equally pronounced
both for the ﬁlms obtained with the vacuum ultraviolet stimulation,
and without it.
From data presented in Fig. 4 one can see that the VUV stimulation
results in reducing the cycle time, i.e. results in increasing the cyclic
frequency for onset and merging the vertices. One could assume
that when ﬁlm growth rates for the thermal and VUV stimulated pro-
cesses are close to each other (Fig. 4, up to 15 min), the vertices with
the VUV stimulation should be lower due to a shorter cycle. This indi-
cates that using the latter method one could obtain a smoother sur-
face of the ﬁlm at a lower thickness.
We have analyzed the Pd ﬁlm thickness values depending on the
number of peaks for the VUV and thermal stimulations (Fig. 5a and
b, respectively). Both for the vacuum ultraviolet stimulation, and for
the heat stimulation, the ﬁlm thickness growth becomes slower with-
in the range of thickness values ~10 nm; further there are several cy-
cles of increasing and decreasing the number of vertices occurring.
In the case of thermal stimulation (230 °C) an initial moment was
registered for the formation of individual nuclei (3 min), as well as
an increase in their number before the merger at the thickness
amounting to about ~6 nm. In the case of VUV stimulation at the ini-
tial time (experimentally, it is possible to control reliably the deposi-
tion process since one minute duration), the concentration of nuclei
at the surface is much greater thus the formation of a continuous ﬁlm
is faster. When the ﬁlm thickness becoming greater than 12 nm,
rapid ﬁlm growth begins, with a much lower oscillation amplitude
for the number of vertices.
The results presented demonstrate that the growth process of pal-
ladium layers within the range of several tens of nanometers exhibits
a pronounced cyclical character. Each cycle has ascending and de-
scending branches. At the ascending branch there is an increase in
the growth of vertices observed, whereas the descending brunch cor-
responds to the healing of valleys. Thus, experimental choosing of the
parameters of the deposition process could provide the growth of the
ﬁlm with either minimum or maximum roughness variations.
The use of such a parameter as theminimum spanning tree allowed
us to reveal novel patterns of restructuring the growing ﬁlm surface;
thosewere not seen with other methods of the quantitative descriptionFig. 3. Pd layer thickness depending on the growth time: 1 — substrate temperature
~100 °C (VUV stimulation), 2 — substrate temperature ~230 °C (thermal stimulation).of surface morphology, such as the average shade size, the number of
shades per unit surface area, etc. With the help of the MST, one can
overcome the problem associated with the uncertainty of cell bound-
aries beyond the ﬁeld of the images under processing (Fig. 6).
We have analyzed the MST length depending on the ﬁlm growth
time (Fig. 7a). The cyclical nature observed for this curve is similar
to the variation of the number of vertices depending on the ﬁlm
growth time (Fig. 4, curve 1).
The length of a MST increases linearly with the number of peaks
(Fig. 7b). If the linear dependence is replaced by a spline function, it
becomes obvious that there is cyclicity in changing this ratio. On theFig. 5. The thickness of growing Pd layer depending on the number of peaks: a— under
the VUV stimulation, b — under the heat stimulation. The ﬁgures represent the ﬁlm
growth time, in minutes.
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the ﬁlm growth within the ﬁrst 10 min. The remaining cycles were ob-
served with a considerable decrease in the number of peaks and MST
length. From our standpoint, the observed effect could be connected
with changing in the character of palladium ﬁlm growth.We could dis-
tinguish two stages. The ﬁrst one corresponds to the nucleation of a
continuous coating and its subsequent densifying, which is exhibited
by a cyclic variation of the number of vertices with the conservation
of the average ellipsometric thickness of the coating, amounting up to
10–12 nm (Fig. 7). At the second stage, preferential healing the valleys
decreasing the number of peaks is observed in the course of increasing
the rate of changing the ﬁlm thickness; however the cyclicity of the pro-
cess is conserved.
The second stage of ﬁlm growth is clearly pronounced in the course
of the VUV stimulation process. With the thermal stimulation under
these experimental conditions, the second stage was not achieved be-
cause of the limited duration of the overall process duration.
We performed the analysis of the speciﬁc MST length reduced with
respect to on one peak, on the number of peaks for the VUV and thermal
stimulations of the palladium ﬁlm deposition (Fig. 8). The cycles in the
case of VUV stimulation exhibit a greater range with respect to the
number of peaks: from 20 to 370, as compared to the range from 90
to 220 for thermal stimulation. In addition, the VUV stimulation can
be characterized by a relatively smaller extent of the speciﬁcMST length
for the main part of the process. The much higher values of the speciﬁc
valley length in the course of the thermal deposition process indicate a
greater indenting level of valleys than it is for the VUV stimulation. It
also follows from this fact that in the latter case more smooth ﬁlms
are growing.
The comparison of the results for the studies on palladium ﬁlms
obtained using MOCVD under VUV at thermal stimulation (via solving
the inverse problem of monochromatic null ellipsometry and via quan-
titative analysis of scanning electron microscopic images) demonstrat-
ed that the process of ﬁlm growth occurs in a nonlinear manner. It
was noted that there is correlation between the thickness of metal
ﬁlms and the number of peaks and the length valleys observed in scan-
ning electronmicroscopic images. It should be taken into consideration
that the method of ellipsometry once investigates a large area. The area
under analyzing with an ellipsometer represents an ellipse with the
minor axis of 1 mm and major axis equal to 1/cos φ, where φ is the
angle of incidencewith respect to a sample,which angle is variedwithin
the range from50 to 80°. At the same time, themicrograph presented inFig. 6.MST at an optimal level of contrast corresponding to the original image in Fig. 1
(double lines).Fig. 1 was obtained from an area of 600 × 450 nm2, i.e., the area illumi-
nated by a laser beam is seven orders of magnitude larger than the area
under electron microscopic investigation. However, both methods con-
ﬁrmed the cyclical changes in the parameters of a layer growing under
thermal and VUV stimulations.
It should be also noted that there are fundamental differences ob-
served between the processes of MOCVD and PVD (physical vapor de-
position). In the MOCVD processes, there are additional steps such as
the physical adsorption of an organometallic precursor on the surface,
the activation of adsorbed molecules (chemical adsorption), its de-
composition into metal and volatile organic ligand fragments. The nu-
cleation and growth of the ﬁlm occurs via joining individual metal
atoms precipitated from a source precursor at the temperature values
much lower than those for PVD processes. For example, in our exper-
iments, the deposition temperature for palladium layers was equal to
230 °C (thermal activation), and 100 °C (VUV stimulation), which is
signiﬁcantly lower than that in the case of the physical sputtering of
the metal. At these temperature values, the surface migration of
adatoms is hindered to a considerable extent.
A number of papers written within the framework of well-known
coalescence concept were demonstrated that the dynamics and poten-
tial growth cycles of polycrystalline ﬁlms are determined by an amor-
phous component of the ﬁlm and the process of “sliding” a particle
along the growing surface [21]. According to studies performed by
other authors, the growth process of a polycrystalline ﬁlm consists of
the following stages such as nucleation, crystallite growth, coalescence,
secondary nucleation, the growth and coalescence of secondary crystal-
lites, ﬁlling the channels and continuous ﬁlm growth [22]. The concept
of re-emission is assumed that the surface of the ﬁlm cyclically
rearranges because the fraction of “captured” particles varies in the
course of the ﬁlm growth due to changing the slope of vertices [23]. It
is quite possible that in this case, the coalescence separate prevails for
separate branches of some cycles, whereas the others are characterized
by prevailing re-emission.
4. Conclusion
The results obtained with the use of ellipsometry and scanning
electron microscopy demonstrated that the growth of nanosized pal-
ladium layer deposited employing MOCVD with VUV and thermal
stimulations exhibits a pronounced cyclical character, which could
be caused by changing the lateral growth mechanism by vertical one.
A technique is proposed for processing scanning electron micro-
scopic images, whose principal innovations consist in the following:
– introducing the median value for the contrast level as an optimal
value for every instantaneous image (“snapshot”) of the growing
ﬁlm;
– choosing a uniﬁed contrast level for all the images according to the
criterion of minimum changing in the number of shades in the
course of ﬁlm growth;
– the introduction of a minimum spanning tree parameter as a char-
acteristic of the ﬁlm morphology at the moment of growth.
It is demonstrated that the parameters chosen such as the MST
length and the number of peaks directly reﬂect the process of ﬁlm
growth. The two growth stages have been identiﬁed: the ﬁrst stage
consists in the generation and cyclical changing the number of
peaks with no change in the total thickness of the layer within the
range of 10–12 nm, whereas the second stage is connected with pre-
dominantly healing the valleys and decreasing the number of peaks
(vertices) when the rate of changing the ﬁlm thickness increases,
however the cyclical process being conserved.
The investigation of the initial growth stage for nanosized palladium
layers demonstrated that the use of VUV for stimulating the growth
process results in the acceleration of the process itself and allows one
reduce to a considerable extent the temperature of performing the
Fig. 7. MST length of the ﬁlm growth under VUV stimulation: a — time depending; b — the number of peaks depending (dashed line — linear interpolation, solid line — spline in-
terpolation, the ﬁgures denote the growth time of the ﬁlm, in minutes).
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ing the duration of growth cycles.
The features observed for the growth of nanoscale Pd layers could
be caused by a fundamental difference between the processes of
MOCVD and PVD, which difference is connected both with a low tem-
perature value of the layer formation (especially for the VUV stimula-
tion at 100 °C), and with the process of precipitating the metal atoms
in the decomposition of a volatile precursor.Fig. 8. The MST length falling at unit peak depending on the number of peaks: 1 —
VUV-stimulated process; 2 — heat stimulated process. The ﬁgures correspond to the
deposition time, in minutes.Acknowledgments
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